The phenomenon of impact-ionization is proposed to be leveraged for a novel biosensor design scheme for highly efficient electrical detection of biological species. Apart from self-consistent numerical simulations, an analytical formalism is also presented to provide physical insight into the working mechanism and performance of the proposed sensor. It is shown that using the impactionization field-effect-transistor (IFET) based biosensor, it is possible to obtain an increase in sensitivity of around 4 orders of magnitude at low biomolecule concentration and around 6 orders of magnitude at high biomolecule concentration compared to that in conventional FET (CFET) biosensors. Moreover, IFET biosensors can lead to significant reduction (around 2 orders of magnitude) in response time compared to CFET biosensors. V C 2013 AIP Publishing LLC.
Biosensors are indispensable for modern society due to their wide applications in public healthcare, national and homeland security, forensic industries, and environmental protection. Currently, enzyme-linked immunosorbent assay (ELISA) based on optical sensing technology is widely used as a medical diagnostic tool as well as a quality-control check in various industries. For ELISA the labeling of biomolecules is needed, which requires the use of bulky, expensive optical instruments and hence is not suitable for fast point of care clinical applications. On the other hand, the biosensors based on field-effect-transistors (FETs) [1] [2] [3] [4] are highly attractive as they promise real-time label-free electrical detection, scalability, inexpensive mass production, and possibility of on-chip integration of both sensor and measurement systems. In a FET biosensor the function of the gate is carried out by the charged biomolecules that are captured by the specific receptors with which the gate dielectric is functionalized. However, there exists fundamental limitations on the sensitivity and response time of conventional FET (CFET) based biosensors. [5] [6] [7] Here, we show that the phenomenon of impact-ionization [8] [9] [10] can be leveraged to beat these limits, thereby leading to an ultra-sensitive and fast electrical biosensor.
The structure of the proposed nanowire based impactionization FET (IFET) biosensor for detecting positively charged biomolecules is shown in Fig. 1 . The ends of the nanowire are doped to form a P þ -I-N þ diode, which is to be operated in the reversed bias mode. Portion of the I-region towards P þ source is covered with thick oxide to prevent the influence of biomolecules in that region, and we call it the protected region (PR). This region is needed due to the requirement of a threshold length for impact ionization to occur as well as to prevent band-to-band tunneling from valence band of source to conduction band of I-region. The rest of the I-region is covered with a thin oxide for effective gating effect through charged biomolecules, and we call it the sensing region (SR).
If the source is biased at a negative voltage such that the reverse bias is below the avalanche breakdown voltage, no impact ionization occurs before biomolecule conjugation ( Fig. 2(a) ). The attachment of charged biomolecules in SR increases the effective electric field in PR activating impact ionization ( Fig. 2(b) ). Occurrence of impact ionization leads to a sharp increase in current or, in other words, to ultra-low Subthreshold Swing (SS) as shown in Fig. 3 . By altering the source voltage this sharp increase in current can be made to occur at very small values of surface potential in SR developed due to biomolecule conjugation (Fig. 3) .
While accurate results can be obtained through numerical simulations using Technology Computer Aided Design (TCAD) tools, analytical formalism is necessary for gaining easy physical insight. Hence, in the following discussion we focus on deriving analytical formula for sensitivity using a simplified 1D model. The modified 1D Poisson equation for the PR and SR can be written as
respectively. Here, w p and w s are the potential at the semiconductor-oxide interface in PR and SR, respectively, / is the potential at the oxide-electrolyte interface in the SR, x is the direction from source to drain as shown in Fig. 2 (a) and is taken to be 0 at the source-PR junction. k is defined as the natural length scale. 11 The band-bending in the source/ drain regions are neglected, which is a valid assumption for highly doped regions. The semiconductor-oxide interface potential at the drain-SR junction is taken as the reference point and hence set to 0, and that at the source-PR junction is defined as
where L p and L s are the lengths of the PR and SR, respectively, as shown in Fig. 2(a) . The other two boundary conditions for solving the Poisson equations given by Eq. (1) are obtained from the continuity equations between w p and w s and their derivatives as
The solution of the potentials is given by
Since impact ionization occurs in the PR, it is necessary to simplify the equation of semiconductor-oxide interface potential in that region given by Eq. (2a) in order to obtain simplified equation for the impact ionization current. It is to be noted that the impact of SR has been intrinsically incorporated in Eq. (2a) through the factors /, k, and L s . Using the condition L s ) k, which is the case in an electrostatically well controlled device, Eq. (2a) can be simplified as
Using Eq. (3), the electric field in the PR can be derived as
This electric field can be used to calculate the impact ionization coefficient a, which is defined as the number of electron-hole pairs generated by a carrier per unit distance travelled and is given by a ¼ a 1 e ÀF crit =jF p j , where a 1 is an empirical parameter and F crit is the critical electric field. For deriving a simplified analytical solution, a 1 and F crit for electrons and holes are assumed to be similar, 12 
The avalanche breakdown occurs when M reaches the value of 1. Now, the potential / can be divided into two parts: the initial potential / 0 which can be adjusted using the electrolyte reference electrode and the potential developed due to biomolecule conjugation / bio . The threshold value of the potential due to biomolecule attachment that is required for avalanche breakdown (/ bio_th ) can be derived by equating M to 1, and thus we obtain
For / bio < / bio_th , the current (I i ) is given by I rev /(1-M) where I rev is the reverse biased P-I-N junction current. Thus we can write
After avalanche breakdown the current in the IFET biosensor will behave like the conventional FET with an effective drainto-source voltage (V ds_eff ) equal to the potential at x ¼ L p at / bio ¼ / bio_th . Using Eqs. (3) and (6), V ds_eff can be derived as
Now, the current (I c ) for / bio > / bio_th can be written as
for / bio À / bio th < V ds eff ; (9a)
for / bio À / bio th > V ds eff :
Here W is the width of the device and C is the gate dielectric capacitance. Using the equations of current given by Eqs. (7) and (9), analytical formulae for sensitivity can be derived where sensitivity is defined as the ratio of the change in current due to biomolecule conjugation to the initial current before conjugation. For / bio < / bio_th , S n is derived as
For / bio > / bio_th , S n can be written as
From the analytical derivations it can be observed that the sensitivity is dependent on the initial condition of the IFET, which can be tuned by source and reference gate bias, thus modulating U src and / 0 , respectively. These two knobs should be adjusted in such a way that the IFET biosensor is always below the breakdown potential before biomolecule conjugation. Also, it is clear from Eq. (6) that by proper tuning of U src and / 0 , the threshold value of potential due to biomolecule conjugation can be reduced, and thus a fewer number of biomolecules attaching to the biosensor surface will be able to cause a substantial increase in the current. Fig. 4(a) shows the results of source bias sweep calculated through TCAD simulations in IFET biosensor before and after the biomolecule conjugation for different values of biomolecule concentration (q 0 ) in the electrolyte. The results of drain voltage sweep for a CFET biosensor is shown in Fig. 4(b) . Because of the sharp increase in current due to impact ionization in IFET, the current curves after biomolecule conjugation are distinctly distinguishable from the one before the conjugation even at very small values of q 0 . For CFET biosensors, on the other hand, there is very small change in current after conjugation as q 0 is decreased. In Fig. 5(a) , the sensitivity is plotted as a function of q 0 for CFET and two different bias points of IFET. When V s and / 0 in IFET are adjusted to obtain the minimum SS (bias pt1), even low q 0 can lead to sharp increase in current and hence very high sensitivity (around 4 orders of magnitude higher compared to CFET). However, if IFET is biased at lower V s (bias pt2) high q 0 is required in order for breakdown to occur. Once sufficient q 0 is reached, current and hence sensitivity increases sharply. For higher values of q 0 , sensitivity at bias pt2 is higher (around 6 orders of magnitude higher compared to CFET) than that at bias pt1 (around 2.5 orders of magnitude higher compared to CFET) because of the lower initial current before biomolecule conjugation at bias pt1. Since high sensitivity at low biomolecule concentration is desirable, bias pt1 is preferable for IFET biosensor operation. As is clear from Fig. 5(b) , advantage of IFET biosensor over CFET is retained even when the ionic concentration of the electrolyte is increased (which increases the electrostatic screening by the ions). Fig. 5(c) shows the sensitivity comparison between IFET and CFET biosensors for pH sensing. The pH sensing is based on the change in surface charge due to protonation/deprotonation of the OH groups on the enclosing oxide surface, which depends on the concentration of H þ ions and hence on the pH value. It is observed that IFET biosensor can lead to around 4 orders of magnitude increase in sensitivity compared to that in CFET for pH detection. Apart from sensitivity, another critical parameter for gauging the performance of the biosensors is the response time. Response time (t r ) is defined as the time required to obtain a desired sensitivity. Before a target analyte molecule can bind at the sensor surface and electrostatically modulate the channel conductance, the molecule must diffuse from the bulk solution to the sensor surface. This diffusion process takes time and sets lower limits on achievable detection times at a given analyte concentration. 13 Hence, a more specific definition of response time is the time needed to capture a certain surface density of biomolecules (N bio ) 14 in order to achieve a desired change in electrical signal. Fig. 6(a) illustrates that t r is directly proportional to the required N bio and inversely proportional to q 0 . Fig. 6(b) shows that the IFET can lead to significant reduction in response time compared to CFET. This effect can be understood in the following way. Extremely low SS of IFET implies that for obtaining the same change in current and hence same sensitvity, the required change in surface potential (/ bio ) is much lower in IFET compared to that in CFET. Since t r is directly proportional to N bio , which is again directly proportional to / bio , decrease in / bio leads to decrease in N bio and consequently to reduction in t r . From Fig. 6(b) we can also conclude that within a same desired response time, IFET can detect biomolecules at substantially lower biomolecule concentrations.
It is to be noted that tunnel-FETs (TFETs) employing interband tunneling 15 can also lead to sharper increase in current or lower SS compared to CFETs and hence is attractive as a sensor for biomolecules 5, 6 as well as gaseous species. 16 The best reported SS value for TFETs is 30 mV/dec, 17, 18 and further improvement is expected. The phenomenon of impact ionization has been shown to lead to SS as low as 72 lV/decade. 19 The IFETs based on silicon, however, have very high breakdown voltage, and application of strain or alternate materials/design is required for lowering the operating bias. 10, 20 Hence, from an ultra-low power 
FIG. 6. (a)
The colormap showing the average response time (t r ) in seconds of the biosensor as a function of the required surface density of biomolecules (N bio ) on the oxide surface to achieve the desired sensitivity, and the concentration (q 0 ) of the biomolecules in the solution. t r increases as q 0 is decreased as it takes more time to capture the biomolecules when its concentration in the solution is low. t r increases with increase in N bio . This is because if the required surface density of biomolecules is more, it will take more time to reach that value. (b) Average response time as a function of the biomolecule concentration (q 0 ). For the same value of q 0 , IFET can lead to significant reduction in t r . If the response time is kept constant, then within the same desired t r , IFET can lead to detection at much lower biomolecule concentrations.
perspective, the TFET biosensors remain attractive. Reliability of IFETs can be improved using novel vertical structures 9 thus making reusability of the IFET biosensor feasible. Although in this paper the results are presented for silicon nanowire based IFETs, the general discussion is valid for other materials and structures as well.
In summary, an impact-ionization based biosensor is proposed, and it is shown that it can lead to substantial increase in sensitivity and decrease in response time compared to CFET biosensors. Thus, IFET biosensors can be extremely promising for applications where ultra-high sensitivity and fast response is desirable such as for early detection of deadly diseases or prevention against biological accidents or attacks.
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